A series of novel resveratrol derivatives were designed, synthesized and evaluated as anti-cancer agents. Most of the compounds showed significant anti-proliferative activities against three human cancer cell lines (HepG2, A549 and Hela). Among these compounds, compound r displayed the most potent inhibitory activity and showed low cytotoxic activity. Cell apoptosis and cell cycle assays demonstrated that compound r significantly induced apoptosis (p < 0.001) and arrested cell cycle at S phase. Immunofluorescence microscopy analysis showed compound r disrupted the tubulin network. Docking simulations supported the pharmacological results of compound r. It is believed that this work would be very useful for designing a new series of tubulin inhibitors.
Introduction
Microtubules, composed of α-tubulin and β-tubulin [1, 2] , control various cellular functions such as maintaining structure of the cell, chromosomal segregation, intracellular transportation and mitosis [3] . In normally growing cells, microtubules are continuously undergoing polymerization and depolymerization and thus are in dynamic equilibrium [4] . This dynamic balance is necessary for cells to complete the normal mitosis process and if the dynamic balance is disrupted, cells undergo cell cycle arrest and subsequently programmed cell death [4] . Therefore, tubulin has been considered as a promising target for anti-cancer drugs [1] .
A large number of natural, synthetic and half synthetic compounds have been identified that target the dynamicity of the tubulin-microtubule system [5, 6] . Tubulin inhibitors are divided into three categories on the basis of the microtubule domain targeted by the inhibitor: the paclitaxel-binding domain, the colchicine-binding domain and the vinblastine-binding domain. Vinblastine and paclitaxel, two tubulin inhibitor drugs, have been shown to play important roles in clinical tumour treatment. Paclitaxel, as the first-line anti-cancer drug for clinical treatment, exhibits significant curative effects in non-small cell lung cancer, breast cancer, cervical cancer, ovarian cancer and other cancers [7, 8] . However, its clinical efficacy has been limited by side effects and tumour resistance. Therefore, the identification of novel tubulin inhibitors that possess more activity, low side effects and efficacy against multi-drug resistant tumour cells is critical. Natural products are often used as lead compounds in drug discovery owing to their high efficiency, low toxicity and few side effects [9] . Resveratrol (trans-3,4 0 ,5-trihydroxy stilbene, figure 1), isolated from grapes, berries and peanuts [10, 11] , has been the focus of extensive investigation owing to its chemopreventive effect in vitro and in vivo models [12, 13] and shows extremely strong effects on the suppression of tubulin assembly through interaction with the colchicine-binding site of tubulin, resulting in extensive inhibition of cell growth and angiogenesis [14, 15] . However, its low oral bioavailability and poor stability [16] has hindered its progress as a potential clinical candidate. Derris eriocarpa, a type of the leguminosae family, is used in Zhuang and Dai ethnomedicine to treat various diseases [17, 18] . We obtained a series of components from D. eriocarpa [19] , including a derivative of resveratrol, 3,4,5,4'-tetramethoxy-trans-stilbene (figure 1), which exhibited a striking inhibitory effect on the growth of several cancer cell lines [20, 21] . However, pharmaceutical preparation of this resveratrol derivative is difficult owing to its low polarity. Thus, we designed and synthesized a series of novel small-molecule derivatives of resveratrol by adding a carboxyl group on the carbon-carbon double bond for a better water solubility as a potential anti-cancer agent. Electron-withdrawing and electron-donating groups were chosen as R 1 -R 8 substituents to get a variety of compounds for structure-activity relationship (SAR) studies (figure 1 The synthesis approach for the 22 resveratrol derivatives a-v is depicted in scheme 1. The target compounds were obtained through a Perkin reaction by one step [22] [23] [24] . Substituted phenylacetic acid (1 equivalent) was mixed with substituted benzaldehyde (1 equivalent), and then triethylamine (2.5 equivalents) and acetic anhydride (3 equivalents) were added. The mixture was heated at 120°C and stirred overnight. Nitrogen protection was applied during the reaction process to prevent oxidization of aldehyde. After the reaction was completed, 2-3 ml water was added, followed by reflux for 15 min to quench the reaction. The reaction was placed in a water bath at 4°C and 10% K 2 CO 3 solution was added to adjust the reaction to alkaline. The sample was stirred in a water bath at 50°C for 1 h and then HCl was added to adjust the pH to 4-5. were H and R 7 was methoxyl (compounds o-u), compounds with an -OCF 3 or -CF 3 group (compounds p, q and r) showed the most potent inhibitory activities against the three cell lines. Therefore, the inhibitory activity of the compounds depended not only on the 2-position substitution of acrylic acid, but also on the 3-position substitution of acrylic acid.
Cytotoxicity test
Vero cells are non-tumorigenic cell lines and are important raw materials as the research and production of biological products. Vero cells show low tumorigenicity and had been approved for use in the production of human virus vaccines. Thus, Vero cells were chosen as a control for cytotoxicity. All compounds were evaluated for their cell toxicity against Vero and normal human hepatocytes cells line (LO2) using MTT assays. As shown in 
Immunofluorescence microscopy assay
Resveratrol was previously reported to hamper microtubule function [25] . To examine whether the antiproliferative activity of compound r, a resveratrol derivative, was related to an interaction with tubulin, we examined β-tubulin in HepG2 cells treated with compound r and by immunofluorescence assay. Compound r ranging from 5 to 45 µM inhibited β-tubulin for 24 h (figure 3). Compared with the negative control group, cells treated with 5 and 15 µM of compound r showed a highly abnormal cytoskeleton; the overall mass of microtubules was reduced and the cells were less well spread. At concentrations of 45 µM, cells were small and showed very little cytoplasm; the microtubules appeared depolymerized. In addition, after incubation with compound r (5, 15 and 45 µM), many cells became multinucleated. These phenomena were consistent with those observed with other microtubule-targeted drugs [26] . Compared with cells treated with paclitaxel, cells treated with compound r exhibited similar microtubule architecture, including irregular microtubule networks and nuclear localization. 
Cell cycle assay
To 
Molecular docking study with tubulin
To explore the SARs and guide further SAR studies, compound r was docked into the paclitaxel-binding site in tubulin to examine the molecular basis for its activity. In addition to the main hydrophobic interaction between compound r in the active pocket of tubulin, three direct interactions between compound r and two residues (THR276 and ARG278) in tubulin were detected (figure 6), which included one hydrogen bond (blue) and two charge interactions ( pink). The corresponding distances and other information of these three interactions are presented in table 3, and the CDOCKER The hydrophobic methoxyphenyl of compound r was located well into the hydrophobic pocket of tubulin and the hydrophilic carboxyl group formed a hydrogen bond with the active pocket of tubulin. These interactions may provide an experimental explanation for the observation that compound r showed the most potent activity in the 22 synthesized compounds. Docking simulations supported the pharmacological results of compound r. Whether compound r is associated with other unknown targets will be discussed in further studies. The result has implication for further design and development of more potent tubulin inhibitors.
Experimental methods

General information
All chemicals and reagents were analytical grade. The reagents were purchased and used without further purification. Column chromatography was performed on a 200-300 mesh silica gel column. Melting points were determined on an X-6 microscopic melting point meter (Beijing Tech Instrument Col. Ltd, Beijing, China) and were as read.
1
H nuclear magnetic resonance (NMR) and 13 C NMR spectra were measured on a Bruker DPX400 spectrometer (Bruker, Germany, 600 MHz, CDCl 3 or DMSO).
1 H NMR spectral data were assigned: chemical shift (δ/ppm), multiplicity (br, broad; m, multiplet; q, quartet; t, triplet; d, doublet; s, singlet), coupling constant (J/Hz) and integration. High resolution mass spectroscopy (HRMS) spectra were performed on a MAT95-xp Mass Spectrometer (Thermo Fisher Science, Waltham, MA, USA). MTT assays were read on a Multiskan microplate photometer (Thermo, USA).
Immunofluorescence was observed on a Leica TCS SP8 MP fluorescence microscope (Leica Microsystems, Germany). Cell cycle and apoptosis were analysed on a Coulter Epics XL flow cytometer (Becton Dickinson, USA).
Synthesis
General procedure for the preparation of compounds a-v. Substituted phenylacetic acid (1 equivalent) and substituted benzaldehyde (1 equivalent) were mixed, then added triethylamine (2.5 equivalents) and acetic anhydride (3 equivalents). The mixture was heated at 120°C and stirred overnight.
Nitrogen protection was applied during the reaction process to prevent the aldehyde from oxidization. After the reaction was completed, 2-3 ml water was added, followed by reflux for 15 min to quench the reaction. The reaction was placed in a water bath at 4°C and then 10% K 2 CO 3 solution was added to adjust the reaction to alkaline. The reaction was placed in a water bath at 50°C for 1 h and then HCl was added to adjust the pH to 4-5. The crude product was purified by column chromatography and preparative high-performance liquid chromatography with EtOAc-MeOH gradient to give the desired product. 
Biological assays 3.3.1. Anti-proliferative assay and cell proliferation toxicities assay
The anti-proliferative and cytotoxicity activity was determined using MTT assay. Human cervical carcinoma HeLa cells, human hepatocellular carcinoma HepG2 cells, human lung carcinoma A549 cells were representative in the anti-proliferation assay, which were obtained from the Shanghai Institute of Cell Biology (Shanghai, China). Normal African green monkey kidney Vero cells were a gift from Dr Xiumiao He at Guangxi University for Nationalities. Normal human hepatocytes LO2 cells were a gift from Dr Xing Lin at Guangxi Medical University. The HepG2, Hela, LO2 and Vero cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco) and the A549 cells were cultured in RPMI1640 (Gibco), both media were supplemented with 10% fetal calf serum and antibiotics (100 IU ml −1 penicillin, 100 IU ml −1 streptomycin; Amresco).
Cells were seeded in 96-well microtiter plates at a density of 1 × 10 4 cells well −1 and incubated with different concentrations of compound (6.25, 12.50, 25 .00, 50.00 to 100.00 µM), cisplatin and paclitaxel in RPMI-1640 or DMEM at 37°C with 5% CO 2 . After 24 h, cell morphology was observed using a light microscope, and then 20 µl of MTT solution (5 mg ml −1 ) was added to the well and incubated for 4 h, then cell survival was determined by measuring the optical density (OD) absorbance at a wavelength of 570 nm using an ELISA microplate reader. The inhibition rate (IR) following each compound treatment was determined by the following equation: IR (%) = (1 − ODexp/ODcon) × 100%, where ODexp and ODcon are the OD of the treated and untreated cells, respectively. Cisplatin and paclitaxel were used as positive control drugs.
Immunofluorescence assay
HepG2 cells were cultured in DMEM supplemented with 10% fetal bovine serum on coverslips in 6-well plates and allowed to adhere for at least 12 h. Cells were then incubated in the presence or absence of compound r (0, 5, 15, 45 µM) for 24 h. Control cells were incubated with vehicle alone. Cells were fixed in 4% paraformaldehyde (15 min, 37°C), washed with phosphate buffered saline (PBS) three times and permeabilized with 1% Triton X-100 in PBS for 10 min. Cells were then incubated with anti-β-tubulin antibody (1 : 200) (Solarbio, China) for 1 h, followed by incubation with rhodamine-conjugated secondary antibody (1 : 500) for 1 h. Cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) and then images were obtained with a fluorescence microscope equipped with a motorized image capture system. Paclitaxel were used as positive control drugs.
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Evaluation of apoptosis
HepG2 cells seeded in 6-well plates were treated with compound r (0, 5, 15, 45 µM) or cisplatin (20 µM) for 24 h. Cells were stained using the Annexin V-FITC/PI apoptosis detection kit (BD Biosciences, USA) in accordance with the manufacturer's instructions. The stained cells were detected via a flow cytometer.
Analysis of the cell cycle
Cells were treated with compound r (0, 5, 15, 45 µM) or 20 µM of cisplatin as the control for 24 h. Cells were collected by centrifugation (1000 rpm, 5 min), washed with PBS and fixed with 70% ice-cold ethanol overnight at 4°C. The cell cycle was examined on a flow cytometer using a cell cycle analysis kit (Beyotime Biotechnologyin, China) in accordance with the manufacturer's instructions.
Docking study
The molecular docking of compound r into the three-dimensional β-tubulin complex structure (PDB ID: 1JFF; downloaded from Protein Date Bank, http://www.rcsb.org/pdb/home/home.do) was performed using CDOCK. The docking study was performed to position compound r into the paclitaxel-binding site to determine the probable binding conformation. The depicted CDOCKER INTERATION ENERGY was used as the evaluation criteria.
Conclusion
A series of novel resveratrol derivatives were designed, synthesized and biological activities were Compound r induced apoptosis by microtubule polymerization obstruction resulting in arrest of the cell cycle at the S phase. The docking study showed that compound r could be nicely bound to the paclitaxel-binding pocket of tubulin. These findings highlighted the potential of compound r as new anti-cancer agents targeting tubulin through arresting the cell cycle at the S phase, inducing apoptotic cell death and blocking tubulin polymerization. A series of 22 novel resveratrol derivatives were designed, synthesized and biological activities were evaluated. Most of the compounds displayed good anti-proliferative activity against HepG2, A549 and HeLa cells. Among the novel resveratrol derivatives, compound r showed the most potent antiproliferative activity in HepG2, A549 and HeLa cells with IC 50 values of 7.49, 3.77 and 4.79 µM, respectively. Most of the tested compounds displayed almost no cytotoxicity in vitro against Vero cells and LO2 cells compared with the positive control paclitaxel. Compound r induced apoptosis by disruption of microtubule polymerization, resulting in cell cycle arrest at S phase. The docking study showed that compound r bound to the paclitaxel-binding pocket of tubulin. These findings highlight the potential of compound r as a new anti-cancer agent targeting tubulin through blocking tubulin polymerization, arresting the cell cycle at S phase and inducing apoptotic cell death.
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